Imidazoacridinones (IAs) are a new group of highly active antitumor compounds. The intercalation of the IA molecule into DNA is the preliminary step in the mode of action of these compounds. There are no experimental data about the structure of an intercalation complex formed by imidazoacridinones. Therefore the design of new potentially better compounds of this group should employ the molecular modelling techniques.
kind of substituent in position 8. C-1311, has been selected as the most active derivative from the imidazoacridinone group, and is currently undergoing phase I clinical trials [4] .
The intercalation of IAs into DNA is a necessary though not a sufficient condition for the drug activity [5, 6] . It seems that high cytotoxic and antitumor activity of some IAs resulted from their susceptibility to metabolic activation [7] . In a cell free system, IAs bound covalently to DNA after previous enzymatic activation by a horseradish peroxidase/H 2 O 2 system [8] This activation may also occur after IA intercalation into DNA.
This observation directly inspired us to undertake the study on the structure of the IA/DNA complexes as well as on interactions responsible for stability of the complex.
There are no experimental data about molecular structure of the IA/DNA complex on the atomic level. Therefore, the application of computer-modelling techniques, such as molecular dynamics (MD) seems to be reasonable. The MD simulations have been increasingly used to study interactions of DNA with various agents [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In this study we present the results of extensive computer simulations on a dodecamer duplex d(GCGCGC|GCGCGC) 2 with the imidazoacridinone molecule intercalated between central GC base pairs. Four rationally selected IAs were used in this study (Scheme 1). The compounds studied have three different substituents in position 8 and two different side chains. The dynamic behaviour of each IA was simulated in two different systems: i) IA surrounded by about 1700 water molecules, ii) IA intercalated to the dodecamer duplex and surrounded by about 1300 water molecules. The results obtained for the two systems were carefully compared. Any significant difference in the geometry of IA was interpreted as a result of interactions with the dodecamer. Based on the results of simulations obtained for the duplex containing system the most probable structure of the intercalation complexes has been proposed for each IA studied. The influence of the side chain, as well as of the substituent in position 8 on the dynamic behaviour of IA in the two systems studied and on the structure of IA/dodecamer complex is also discussed.
METHODOLOGY
The dynamics simulations reported in this paper were performed with GROMOS 96 [18] , a set of molecular dynamics programs from the University of Groningen, implemented on INDIGO 2 work station. The periodic boundary condition was applied, all bond lengths were constrained to their equivalence values using SHAKE algorithm [19] , and distances related to Watson-Crick hydrogen bonds were restrained to 0.21 nm during all simulations [20] . A dielectric constant of 1 and a cut-off of 0.8 nm were used for non-bonded interactions, whereas a cut-off of 1.4 nm was used for long term electrostatic interactions. These cut-off values were proved in previous simulations of this kind to be acceptable and represent a compromise between accuracy and computational efficiency [17, 21] . An appropriate number of counterions, Cl -for IAs and Na + for dodecamer, and water molecules was added to the system. In order to save computation time the intercalation phenomena were simulated with the DNA fragment in which the intercalation cavity was pre-formed [17] . The crystal co-ordinates of C-1311 atoms (Dziêgielewski, J., OElusarski, B., Konitz, A., Sk³adanowski, A. & Konopa, J., unpublished) were used in an initial step of the creation of the simulated system. The initial co-ordinates of other IAs studied were generated by molecular modelling of the molecules by program INSIGHT II (MSI) starting from crystal co-ordinates of C-1311. Designations of IAs atoms used in our work are shown on Scheme 2 for C-1311 molecules.
The following protocol of calculation was applied for each IA: u ia) for simulations in water a molecule of IA was placed in the middle of a rectangular 3´3´5 nm box. About 1700 water molecules and 2 Cl -counterions were inserted into the box. u ib) for simulations of the intercalation complex, the DNA fragment with IA inserted between central base-pairs was placed in the middle of a rectangular 3´3´5 nm box. About 1400 water molecules, 22 Na + , and 2 Cl -counterions were inserted into the box. u ii) 100 steps of the steepest descent minimisation were applied to the system. The list of non-bonded interactions was updated after each step. u iii) the system was thermalised at 300 K by 10 ps MD simulation (5 000 steps of 2 fs). The atomic velocities were reassigned according to a Maxwell-Boltzmann distribution at the beginning of the thermalisation. The co-ordinates of IA (and DNA) atoms were constrained to their initial positions. The list of non-bonded interactions was updated every 10 steps. The system was coupled to an external thermal and pressure bath of 300 K and 1 barr, respectively, with time constants equal to 10 fs (for temperature) and 50 fs (for pressure). u iv) the system obtained in step iii) was then relaxed by a 10 ps MD simulation. The atomic velocities were also reassigned at the beginning of this step and the system was coupled to the thermal and pressure bath. An additional potential which restrained distances related to Watson-Crick hydrogen bonds was used in this and all further steps. The list of non-bonded interactions was updated every 20 steps during relaxation and all further simulations. u v) the system prepared in such a way was next simulated for 80 ps with initial reassignment of atomic velocities. The conditions of simulation were the same as for relaxation. The co-ordinates of the system were saved every 0.4 ps and formed trajectories of 200 geometries.
RESULTS
The overall shape of the IA molecule is mainly determined by geometrical states (torsion angles) of three bonds (Scheme 2): u i) C5-NC5; the state of this bond determines the orientation of the planar aro-matic amino group in position 5 and indirectly the orientation of the side chain in relation to the ring system, u ii) NC5-C1+; the state of this bond directly determines the orientation of the side chain, u iii) C8-OC8; the state of this one determines the orientation of the hydroxyl or methoxyl group attached to the ring system in position 8. The dynamic behaviour of these torsion angles was the main subject of our study.
C-1311
The comparison of time courses of the torsion angles discussed above, obtained for the two environments studied, revealed some of the characteristic properties of the C-1311 molecule (Fig. 1) .
The amino group in position 5 is nearly coplanar with the ring system in the two systems studied (Fig. 1a) . However, the rest of the side chain is located out of the plane. This is a consequence of the geometrical state of the bond NC5-C1+ (Fig. 1b) . The mean value of this torsion angle is equal to about 237°for C-1311 in water and to about 130°for the intercalation complex. A more detailed analysis of the values of this torsion angle showed that the bond may exist in two similar, but somewhat different, geometrical states. These states are characterised by the mean values of the torsion angle equal to about 215°and 265°, respectively, in water and about 110°and 145°i n the intercalation complex. It is noteworthy that the orientation of the side chain in water is stable above all expectations. This may be a result of the presence of stable, intramolecular hydrogen bonds. The analysis of the trajectory revealed that in fact, a set of such bonds exists during the simulation ( Table 1) . Two of them, N3+-HN3+®OC6 and N3+-HN3+®NC5, are responsible for stabilisation of the side chain orientation in relation to the ring system. It is interesting to note that the hydrogen atom HN3+ forms three-center hydrogen bonds during about 13.5% of the simulation time. The same network of hydrogen bonds is also responsible for stability of the characteristic "closed" conformation of the side chain (Fig. 2a) .
In the case when the C-1311 molecule is intercalated into the dodecamer duplex the geometrical state of the bond NC5-C1+ changes (Fig. 1b) and the side chain forms a new, also stable, "open" conformation ( Fig. 2b) . This conformation is a result of the side chain fitting to the minor groove of the dodecamer (Fig. 3) .
During 80 ps of the simulation of the C-1311/dodecamer complex the hydrogen atom HN3+ forms hydrogen bonds with four water molecules. In turn, three of these molecules form hydrogen bonds with phosphate oxygen of 7G or sugar oxygen O4* of 6C, Fig. 4 . The dynamic network of these hydrogen bonds supports the characteristic behaviour of the side chain: u i) stable, out of plane orientation, and u ii) dynamic transition between two geometrical states of the NC5-C1+ bond (Fig. 1b) . The -OH group in position 8 is nearly coplanar with the ring system in the two systems studied (Fig. 1c) . However, a range of torsion angle values of the bond C8-OC8 is significantly wider in water than in the intercalation complex. It is interesting to note that direct hydrogen bonds between this group and the dodecamer have not been detected. Instead, the 8-OH group is involved in formation of hydrogen bonds with water molecules. Some of these molecules form also hydrogen bonds with the dodecamer (Fig. 4) . Thus, these water molecules are involved in formation of "water bridges" between the 8-OH group and the base pairs of the dodecamer duplex.
A direct hydrogen bond between the imidazole ring and a phosphate group of the 20C is observed during 17% of the simulation time (Table 1 ). In addition, the imidazole hydrogen atom participates in formation of a dynamic network of hydrogen bonds with several water molecules. In turn, these water molecules form hydrogen bonds with some oxygen atoms of 17G, 18C, 19G, and 20C (Fig. 4) .
C-1330
A comparison of the dynamic trajectory obtained for compounds C-1311 and C-1330 should visualize the role of hydroxyl and methoxyl group in position 8 in the behaviour of the whole IA molecule. Our dynamic simulations revealed that this small difference in the chemical constitution of the imidazoacridinone system has a significant influence on the dynamic behaviour, shape, and conformation of the molecule.
The side chain of the C-1330 molecule exhibits dynamic properties similar to those of C-1311 (Fig. 5 a, b) . A small but significant difference could be observed only for the geometVol. 47 Intercalation of imidazoacridinones into DNA 69 Numbers in the Table indicated the percentage of simulation time during which a particular hydrogen bond has been observed. The hydrogen-acceptor distance shorter than 0.25 nm and donor-hydrogen-acceptor angle larger than 120°were used as the criteria of the existence of a simple hydrogen bond. The sum of angles: donor-hydrogen-hydrogen-acceptor 1, donor-hydrogen-acceptor 2, and acceptor 1-hydrogen-acceptor 2 larger than 350°was used as the criterium for a three-center hydrogen bond.
rical state of the C5-NC5 bond in water. The mean value of the torsion angle of this bond is 166.4±8.0°. This value differs significantly from 180°. As the result, the aromatic amino group in position 5 does not lie in the mean plane of the ring system. Moreover, the hydrogen bond between HNC5 and OC6 is not observed (Table 1) . The twist of the aromatic amino group facilitates formation of the hydrogen bonds by the atom HN3+ and stabilises the "closed" conformation of the side chain.
The main difference occurs in the dynamic behaviour of the substituent in position 8. Contrary to the hydroxyl group (C-1311), the methoxyl group is situated out of the mean plane of the ring system (Fig. 5c) . Moreover, the methoxyl group could rotate around the bond C8-OC8 in water as well as in the intercalation complex. It seems that the rotation of the methoxyl group results from lack of water bridges which in the case of C-1311 stabilise the orientation of the hydroxyl group. The acridine ring of the drug molecule in each snapshot has been fitted to its position in the first geometry. The dodecamer duplex, ions, and water molecules are omitted for clarity. Only interactions which exist by more than 10% of the simulation time are presented.
The similarity between the dynamic behaviour of C-1311 and C-1330 molecules is even higher in the intercalation complexes than in water ( Fig. 1 and Fig. 5 ). The side chain lies out of the mean plane of the ring system as a result of the geometry of the NC5-C1+ bond. The side chain itself exists in "open" conformation. Also formation of the characteristic hydrogen bond networks around N3+ and NR16 nitrogen atoms is similar for the two compounds in the intercalation complex. The rotation of the methoxyl group in position 8 observed during the simulation of C-1330 in water exists also when the molecule is involved in formation of the intercalation complex (Fig. 5c ). This feature is the major difference between dynamic properties of C-1311 and C-1330 in the complex with the dodecamer duplex.
C-1492
The long side chain of the C-1492 molecule influences the dynamic properties of the whole molecule in water as well as in the complex.
In the two environments studied the aromatic amino group in position 5 is coplanar with the ring system (Fig. 6a) . As the result, the hydrogen bond between HNC5 and OC6 is observed during more than half of the simulation time ( Table 1 ). The lack of intramolecular hydrogen bonds in which atom HN5+ participates is a characteristic feature of the C-1492 trajectory in water (Table 1 ). This is due to a long distance between the terminal nitrogen atom and the ring system. In this situation the side chain exhibits large flexibility (Fig. 7a) .
The flexibility of the side chain is significantly decreased after intercalation (Fig. 7b) .
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The length of the side chain affects in a specific manner the geometry of the intercalation complex. It is noteworthy that, in the case of C-1492 complex the protonated imidazole nitrogen does not form direct hydrogen bond with the dodecamer (Table 1) . Only a few, rather unstable, water bridges between this fragment of the intercalator molecule and the dodecamer duplex have been detected.
The protonated aliphatic amino group of C-1492 interacts with the phosphate group of 7G by an electrostatic force as well as by a network of stable water bridges. The rest of the side chain is located near the mean plane of the ring system and out of the minor groove (Fig. 8) . A more detailed analysis showed that the side chain may exist in two conformations determined by the geometrical state of the NC5-C1+ bond (Fig. 6b) .
C-1558
We expected that substitution of the 8-OH group in compounds C-1311 by a t-butyl group in compound C-1558 should not introduce significant changes in the dynamic behaviour of the N,N-diethylaminoethyl side chain in wa- The acridine ring of the drug molecule in each snapshot has been fitted to its position in the first geometry. The dodecamer duplex, ions, and water molecules are omitted for clarity. The ions and water molecules are omitted for clarity.
ter. However, the results obtained from the dynamic simulation were in contradiction to our expectations (Fig. 9 ).
In C-1558 the aromatic amino group is coplanar with the ring system (Fig. 9a) , like in C-1311 and C-1492 in the same environment. The bond NC5-C1+ may exist in two geometrical states. These states are characterised by mean values of the torsion angle equal to about 150°and 210°, respectively. This means that the side chain of C-1558 in water deviates from the plane by the amino group of about ±30°. It is noteworthy that: u i) this deviation is lower than for other IAs studied, u ii) the side chain may spontaneously change the side of the ring system; such transition has never been observed for other IAs studied.
Together with the unexpected orientation of the side chain in C-1558, one may also detect an atypical conformation of the side chain (Fig. 10) . The formation of a network of hydrogen bonds between a protonated aliphatic amino group and aromatic nitrogen NC5 as well as carbonyl oxygen OC6 is a characteristic feature of N,N-diethylaminoethyl chain in water (C-1311 and C-1330), but is not observed for C-1558 (Table 1) . As a result, the side chain of C-1558 does not form the typical "closed" conformation. Only the hydrogen bond NC5-HNC5®OC6 is observed in this system.
The geometry of C-1558 in the intercalation complex differs significantly from that observed in water mainly due to the state of NC5-C1+ bond (Fig. 9b and Fig. 10 ). In the intercalation complex the side chain is perpendicular to the plane of the aromatic amino group. Moreover, this atypical geometrical state of the NC5-C1+ bond exhibits excellent stability during the whole simulation. This fact suggests that the orientation of the side Vol. 47 Intercalation of imidazoacridinones into DNA 73 The acridine ring of the drug molecule in each snapshot has been fitted to its position in the first geometry. The dodecamer duplex, ions, and water molecules are omitted for clarity.
chain might be stabilised by some additional interaction(s). The results presented in Table  1 indicate that an aliphatic amino group forms a hydrogen bond with the oxygen O3* from 6C. This interaction is observed during about 1 / 4 of the simulation period. Unlike in the situation observed in the complexes containing C-1311 or C-1330, in the complex containing C-1558 the protonated aliphatic amino group does not interact with the phosphate groups by water bridges.
In the C-1558/dodecamer complex the hydrogen HNC5 (Scheme 2), participates in the intramolecular hydrogen bond with oxygen OC6 for less than 50% of the simulation time. Instead of that, it forms intermolecular bonds with sugar oxygen atoms from neighbouring bases ( Table 1) .
The analysis of water bridges between C-1558 and the dodecamer reveals additional peculiarities of this intercalation complex. The carbonyl oxygen OC6 is connected with phosphate oxygen O2P and sugar oxygen O4* from 7G by the same water molecule (Fig. 11) . Together with hydrogen bonds created by HNC5, this water bridge participates in formation of a characteristic hydrogen bond network which is not observed for other IAs studied. The participation of OC6 in the hydrogen bonds with water molecule strongly suggests that the geometry of intercalation complex of C-1558 differs from that of the complexes of IAs analysed up to now. Unusual stability of the hydrogen bond formed by HNR16 with O1P of 20C, Table 1 , might support this suggestion.
DISCUSSION
The geometry of a C-1311 molecule in water only slightly differs from that observed in the crystal state (Fig. 1) . The main difference refers to the orientation of the 8-OH group. The torsion angle C7-C8-OC8-HOC8 in the crystal state is -3.4°. Similar values are observed at the beginning of the simulation. However, after less than 20 ps of the main simulation the geometrical state of the C8-OC8 bond flipped over to values around 180°. This orientation of the 8-OH group was then stable during the rest of the simulation time. The same orientation of this group was observed during simulation of C-1492. This might suggest that the geometrical state of the C8-OC8 bond found in the crystal state results from specific intermolecular interactions in the crystal lattice.
The results of molecular dynamics simulation presented in this paper indicate that conformation of IAs side chain in water, as well as its orientation in relation to the ring system depends not only on the chemical constitution of the chain, but also on the substituent in position 8. The aromatic amino group attached in position 5 is coplanar to the ring system in the case of C-1311 (8-OH), C-1492 (8-OH), and C-1558 (8-tBu), but is twisted by about 14°in the case of C-1330 (8-OMe). The N,N-diethylaminoethyl chain exhibits a tendency to form a "closed" conformation when hydroxyl (C-1311) or methoxyl group (C-1330) is attached in position 8. However, this tendency is not observed when a bulky t-butyl group (C-1558) occupies this position. Reasons for Only hydrogen bonds existing by more than 10% of the simulation time are presented. The grey arrows represent direct hydrogen bonds between the drug and dodecamer. Numbers on the scheme indicate the percentage of the simulation time during which a particular hydrogen bond was observed.
this behaviour are not clear yet. One may suggest that the polar oxygen atom situated in position 8 could create the hydration shell around the IA molecule with such properties that intramolecular hydrogen bonds are more favoured than intermolecular ones. However, the presence of a heavy and bulky t-butyl group also could change the dynamics of the IA molecule in such a manner that "closed" conformation of the side chain would be dynamically unstable. Atypical dynamics of the torsion angle of NC5-C1+ bond observed for C-1558 (Fig. 9b) seems to support this hypothesis.
The intercalation of the IA molecule into the DNA fragment significantly changes the geometry of the side chain. The N,N-diethylaminoethyl chain exhibits a strong tendency to fit into the minor groove (Fig. 3) . The observed changes in the conformation, as well as the orientation of this chain, result from this tendency. The side chain fits to the groove due to at least four types of interactions: u i) electrostatic interaction between positively charged N3+ atom and negatively charged phosphate groups, u ii) van der Waals interactions between side chain and atoms on the surface of the groove, u iii) direct hydrogen bonds in which hydrogen HN3+ plays the role of donor and polar, oxygen or nitrogen, atoms from phosphate/sugar skeleton or bases play the role of acceptors, u iv) "water bridges" between the nitrogen cation and oxygen atoms bearing partial negative charge. Only the last two types of interactions could be detected during the analysis of the dynamic trajectory. The water bridges stabilising the position of N,N-diethylaminoethyl chain were found in the intercalation complexes formed by C-1311 and C-1330 (Fig. 4) . It is interesting to note that the bridges were not observed in the complex formed by C-1558. Instead, a direct hydrogen bond between side chain and sugar oxygen of 6C was found (Table 1) . On the contrary, direct hydrogen bonds were not detected in complexes formed by C-1311 and C-1330. The N,N-diethylaminoethyl chain is relatively short and its direct as well as indirect interactions with atoms forming the minor groove were limited to the neighbouring base-pairs only.
Our previous results obtained for such anthracenediones as mitoxantrone or ametantrone [17] showed, that a long enough polar chain could interact with atoms from at least two base-pairs from each side of the intercalation place. We expected that a similar range of interactions should be detected in the case of long N,N-dimethylaminopentyl chain of C-1492. However, this chain did not exhibit any tendency to fit into the minor groove (Fig. 8 ). This observation indicates that some repulsive forces exist between the relatively long, strongly apolar aliphatic chain and strongly polar interior of the minor groove. In such situation, long-range attractive electrostatic forces move the protonated aliphatic amino group to the vicinity of negatively charged phosphate groups. The flexible pentyl chain could adopt two optimal conformations in which electrostatic interactions were as strong as possible (Fig. 7b) . In the two conformations the whole side chain was placed near the mean plane of the ring system.
The relative orientation of the IAs in the intercalation complexes was also depended on the substituent in position 8 and the chemical constitution of the side chain in position 5 (Fig. 12) . For the drugs C-1311 and C-1330, the compounds possessing a polar substituent in position 5 and a relatively short side chain which fits into the minor groove, the acridine ring system was parallel to the neighbouring base pairs, but the imidazole ring was inclined with respect to this plane. A different situation was observed in the C-1558/dodecamer complex. The bulky and apolar substituent attached in position 8 could work as an anchor which limited the movements and stabilised the particular orientation of the drug molecule inside the intercalation cavity. The high level of interactions between the dodecamer and the acridinone oxygen, as well as the aromatic amino group in position 5 is the characteristic feature of this orientation. It is noteworthy that presence of two t-butyl substituents in positions 2 and 7 of a proflavine molecule makes the intercalation impossible [22] . The 2,7-di-t-butylproflavine interacts with DNA but does not intercalate into it. Results of biochemical experiments, which were done in our Department, indicated, however, that C-1558 was able to intercalate into DNA (Dziêgielewski, J., OElusarski, B., Konitz, A., Sk³adanowski, A. & Konopa, J., unpublished).
It seems that long, flexible, and apolar chain present in C-1492 has no influence on the orientation of the ring system inside the intercalation cavity. The mean plane of the ring system is practically parallel to the base-pairs. As a result of such "free" orientation of the intercalator ring system no hydrogen bond or water bridges between protonated imidazole nitrogen and the dodecamer are observed.
The substituent present in position 8 of the imidazoacridinone ring system affects a number of structural and dynamic properties of the molecules in water, as well as in the intercalation complex. We found that this substituent affects at least: u i) orientation of the aromatic amino group in water, u ii) geometrical state of the NC5-C1+ bond; the influence is higher in water than in the complex, u iii) conformation of the side chain in water, u iv) geometry of the intercalation complex, u v) type and dynamics of the interaction between the drug and the dodecamer duplex. This observation seems to be the main conclusion which can be derived from the results presented in this work. 
